Introduction
Manganese is one of the most important alloying elements for improving the mechanical properties during the production of several grades of steels. As examples, manganese in steel plays a role in reducing grain boundary embrittlement caused by sulfur and in enhancing mechanical properties such as hardenability, strength, hardness and toughness. 1) Manganese is also used for the production of less expensive austenitic grades of stainless steel, which are suitable for pressure vessels and piping for high-temperature service by replacing the use of expensive alloying elements such as nickel.
2) Because higher manganese levels than are presently achieved in steelmaking are required, the manganese is added to steel in ladles, usually in the form of ferromanganese (FeMn); a relatively expensive substance since it is usually produced in a submerged smelting process using electrical energy, or in a ferromanganese blast furnace using coke. Therefore, the direct addition of less expensive manganese ore is desirable in an oxygen steelmaking (OSM) converter to increase Mn content in steel. For the smelting reduction of Mn ore in the BOF process it is necessary to understand the thermodynamic properties of MnO in steelmaking slags.
The number of previous investigations dealing with the manganese equilibrium between metals and slags containing more than 5 mass% of manganese oxide, is limited. Chipman et al. 3) have presented experimental data on the manganese equilibrium in liquid steel under simple slags consisting of the iron and manganese oxides with small amounts of impurities. Bishop et al. 4) measured the activity coefficients of MnO and FeO as a function of slag composition (mass% MnOϭ1. 1-9.6 ) in open-hearth slags and indicated that MnO is a more basic constituent than FeO. Suito and Inoue 5) measured the manganese distribution between liquid iron and MgO-saturated CaO-SiO 2 -Fe t O-MnO slags (MnOϽ5.3 mass%) containing P 2 O 5 or S in the temperature range of 1 823-1 923 K. According to their results, the manganese distribution ratio was found to increase with an increase in SiO (3) are with respect to a pure solid state and a pure liquid state, respectively. The oxygen partial pressure of the system was controlled by using a CO/CO 2 gas mixture which can be calculated according to Eq. (4):
Since the activity coefficient of manganese in silver was not known, it was measured using an MnO solid pellet based on the same principle as Eq. (3), in which a MnO is unity.
Measurement of the FeO Activity
The FeO in slags is in equilibrium with solid Fe, which was used as a crucible in the temperature range investigated. 
Conversion of Mn Content in Silver to Mn Content in Carbon Saturated Iron
The Mn content in silver can be converted to Mn content in carbon saturated iron. This principle results from the equality of manganese chemical potential between Ag and carbon saturated iron assuming the simultaneous equilibrium among silver, carbon saturated iron, and a gas atmosphere of a fixed oxygen potential. Therefore, the manganese activity in Ag becomes the same as that in carbon saturated iron for the identical standard state as indicated by Eq. (9). 9) ......... (10) where X Mn represents a mole fraction of Mn in binary solutions. Using Eq. (10), the equilibrium Mn concentration in carbon-saturated iron can be calculated from the experimentally measured equilibrium Mn concentration in Ag.
Apparatus
A SiC-resistor furnace with mullite tube (76 mm -OD, 70 mm -ID, and 1 000 mm -length) was used for the experiments. A Pt/6%RH-Pt/30%Rh thermocouple mounted outside the mullite tube was employed for the temperature measurement as shown in Fig. 1 . A PID controller was used to control the temperature within the range of Ϯ2 K.
The oxygen partial pressure was controlled by the P CO / P CO 2 ratio of a CO/CO 2 gas mixture. CO and CO 2 were dried by H 2 SO 4 and silica gel. The flow rates of CO and CO 2 gases were controlled using mass flow controllers (Matheson) which were first calibrated by the soap-bubble method.
Experimental Procedure
The slag powder was prepared by mixing reagent-grade SiO 2 , MnO, Fe t O, and CaO, which was obtained by CaCO 3 calcination. Five grams of slag and ten grams of silver with 99.9 pct purity were equilibrated in a pure Fe crucible (18 mm -OD, 16 mm -ID, and 35 mm -height) under a CO/ CO 2 gas mixture in the temperature range of 1 673 to 1 773 K. The reason for choosing silver as a metal in the present measurement is that Fe used as a crucible has no solubility in silver. After equilibrium was established, the crucible was quickly withdrawn from the furnace and rapidly quenched in an Ar gas stream. The obtained slag samples from which the metallic iron was magnetically separated were supplied for chemical analyses.
Results and Discussion

Activity Coefficient of Manganese in Silver
The activity of manganese in liquid silver was measured by equilibrating the silver with a solid MnO pellet. The oxygen partial pressure was changed by controlling the ratio of the partial pressure of CO to that of CO 2 . The activity coefficient of Mn in Ag at each temperature was determined by the linear relationship between the activity of Mn and the mole fraction of Mn in the concentration range investigated.
Employing the same method at other temperatures, the temperature dependence of the activity coefficient of Mn in Ag was obtained in the temperature range of 1 623 to 1 773 K as shown in Fig. 2 . The activity coefficient of Mn in Ag increases as the temperature is raised and is formulated by Eq. (11), which shows the same tendency as the results obtained by Shim et al. 9) log g°M n(l) ϭϪ Ϫ0.0178 ................. (11) As indicated in Fig. 2 , the slope for Eq. (11) is less steep than that of the relationship obtained by Shim et al. 9) and the activity coeffient of Mn in Ag has the same value as that measured by Shim et al. 9) at about 1 603 K. Applying the regular solution model to silver-manganese solution, the following relationship between the activity coefficient of Mn in Ag and the temperature can be expressed by Eq. (12). 10) 
Equation (12) is frequently employed to estimate the activity coefficient of a constituent i in a solution at other temperature, T 2 , using the value of g i measured at a temperature, T 1 . The value of g°M n[Ag] estimated by Eq. (12) in the temperature range of 1 623-1 773 K are in better agreement with those obtained by Eq. (11) compared with the results by Shim et al. 9) That is, Fig. 2 indicates that the relationship of Eq. (11) follows the regular solution model more approximately than that of Shim et al. 9) In this study, Eq. (11) was employed to calculate the activity of manganese in liquid silver.
Determination of Equilibration Time
Equilibration time was determined from two directions in terms of Fe/Fe t O equilibrium and the distribution of manganese between the slag and molten silver. As shown in Fig. 3 , it is indicated that the distribution of manganese reached equilibrium in 8 h and that equilibrium Fe t O content showed a steady value after 12 h. Therefore, 12 h was used for the equilibrium among liquid silver, solid iron and slag under a CO/CO 2 gas mixture. 12) at the same oxygen partial pressure. This is thought to be due to the effect of MgO on the activity of Fe t O. The Fe t O content decreased because the replacement of CaO with MgO increased the activity of Fe t O at an identical oxygen partial In the present study the basicity, (mass%CaO)/ (mass%SiO 2 ), for the slags being investigated is about 1 in order to keep the slags in a liquid state at 1 673 K. Therefore, it may not be possible to directly compare the slags with the BOF slags dealt with in practical operations. However, Eq. (14) may be applied for the estimation of oxygen partial pressure from the Fe t O content in BOF slags since the temperature dependence of the activity of Fe t O is not noticeable according to the previous results. 13 ) By substituting Eq. (14) with the Fe t O content in the BOF slag 14) shown in Table 2 , the oxygen partial pressure is estimated to be about 10 Ϫ11 atm. This value is in good accordance with the oxygen partial pressure obtained by the thermodynamic calculation based on the oxygen content in liquid steel in the final stage of the decarburization process in BOF. /Fe 2ϩ is dependent on temperature, oxygen potential and coexisting oxides. [15] [16] [17] [18] As shown in Fig. 5 (17) and by using Eq. (13) . According to Bowen and Schairer, 19) the Fe 2 O 3 content in pure molten wustite at 1 653 K is 11.6 mass%, which is less than that obtained in the present work. The difference is believed to be due to the influence of CaO and MnO on Fe 
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Effect of FeO on the Equilibrium Manganese Distribution between CaO-SiO 2 -Fe t O-MnO Slags and Carbon Saturated Iron
The effect of FeO content in slags on the equilibrium Mn distribution between slag and carbon saturated iron shown in Fig. 6 indicates that the Mn distribution increases with FeO content in a linear relationship. The oxygen partial pressure was increased from 2.9ϫ10 Ϫ13 to 3.1ϫ10 Ϫ11 atm according to the variation of FeO content in slags. The equilibrium Mn distribution increases with FeO content, resulting in less efficient MnO reduction at higher FeO contents. The result in Fig. 6 can be explained by Eqs. (18) and (19) . The value of g Mn in Eq. (19) is constant since the Mn con- 14) tent in carbon saturated iron is in the region where Henry's law can be applied. The linear relationship between Mn distribution ratio and FeO content in Fig. 6 indicates a constant value of g FeO /g MnO ratio in Eq. (19) over the measured FeO concentration range (6.7-24.1 mass%). The relationship can be confirmed in Fig. 7 plotting the activity coefficients of FeO and MnO as a function of FeO. That is, the activity coefficients of FeO and MnO increase simultaneously with increasing FeO as shown in Fig. 7 . However, it is believed that the effect of FeO content on the decrease of the Mn distribution ratio by increasing g MnO is much less than that of FeO on the increase of the oxygen potential between slag and metal, taking the result in Fig. 6 into consideration.
Effect of CaF 2 on the Activity of MnO and Iron
Oxide There has been a growing emphasis on developing new steelmaking processes (e.g. hot metal pretreatment-slag minimum process) for the production of ultra pure steels. In particular, it was reported that CaF 2 increases the activity of Fe t O and phosphate capacity of slags according to the research on the CaO-CaF 2 -Fe t O slags for the recycling of BOF slags. 20) And it is well established that CaF 2 is one of the most effective additives for decreasing the melting point of slags and that it helps to improve slag refining capacities. Therefore, it is important to examine the effects of CaF 2 on the activity of MnO and iron oxide in CaO-CaF 2 -SiO 2 -Fe t O-MnO, which can be recycled for hot metal treatment in the BOF process.
As previously performed, the Mn content in silver was converted to Mn concentration in carbon saturated iron by Eq. (10) . As indicated in Fig. 8 , the Mn distribution ratio decreases with increasing CaF 2 content in a linear relationship. The tendancy in Fig. 8 can be explained by the result in Fig. 9 plotting the variation of the activity coefficients of FeO and MnO as a function of CaF 2 content. That is, the Mn distribution ratio decreases with increasing CaF 2 , which is believed to increase the activities of MnO and FeO. It was also ascertained by chemical analysis that the CaO/SiO 2 ratio slightly increased compared with the initial value after the experiment was finished. According to previous reports, the phenomena is noticeable when CaF 2 is added to slags with relatively high SiO 2 content. As can be seen in Eqs. (20) and (21), it is likely that the CaO content in slags will increase compared with the initial CaO content before measurement when the initial CaF 2 and SiO 2 content in slags is high enough for Reaction (20) to proceed forward. That is, it is believed that CaF 2 reacts with SiO 2 to produce more CaO in slags by Eq. (20) more probably rather than by Eq. (21) since the CO and CO 2 gases used were dry enough in the present experiment. Therefore, the addition of CaF 2 to the CaO-SiO 2 -Fe t O-MnO slags is believed to increase the slag basicity by decreasing SiO 2 content and by producing more CaO as in Eq. (20) , which usually plays a significant role in reducing more MnO into metal. (23) is exothermic so that the equilibrium manganese distribution is expected to decrease with increasing temperature, as can be seen from Fig. 10 . CaO-CaF 2 -SiO 2 -MnO slags.
Conclusions
Thermodynamic studies of manganese in liquid silver in equilibrium with solid Fe and BOF slags (CaO-SiO 2 -Fe t OMnO) were investigated in the temperature range of 1 623 to 1 723 K. From the findings, the following conclusions were obtained.
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